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Summary
ATP hydrolysis by AAA+ ClpX hexamers powers pro-
tein unfolding and translocation during ClpXP degra-
dation. Although ClpX is a homohexamer, positive
and negative allosteric interactions partition six po-
tential nucleotide binding sites into three classes with
asymmetric properties. Some sites release ATP rap-
idly, others release ATP slowly, and at least two sites
remain nucleotide free. Recognition of the degrada-
tion tag of protein substrates requires ATP binding to
one set of sites and ATP or ADP binding to a second
set of sites, suggesting a mechanism that allows re-
peated unfolding attempts without substrate release
over multiple ATPase cycles. Our results rule out con-
certed hydrolysis models involving ClpX6•
ATP6 or ClpX6•ADP6 and highlight structures of hex-
americ AAA+ machines with three or four nucleotides
as likely functional states. These studies further em-
phasize commonalities between distant AAA+ family
members, including protein and DNA translocases,
helicases, motor proteins, clamp loaders, and other
ATP-dependent enzymes.
Introduction
AAA+ ATPases use the chemical energy of ATP hydroly-
sis to fuel diverse biological processes that require me-
chanical work on macromolecular substrates (Vale,
2000; Glover and Tkach, 2001; Sauer et al., 2004). For
example, these enzymes act as protein unfoldases in
energy-dependent proteases, as DNA and RNA heli-
cases, as protein and DNA translocases, and as molec-
ular machines that dismantle macromolecular com-
plexes and resolubilize aggregated proteins. AAA+
machines also function as replication factors that load
processivity clamps onto DNA, as microtubule motor
proteins, and as transcription factors. Despite these di-
verse functions, AAA+ enzymes share homologous
ATPase domains and their active form is often a ring-
shaped hexamer.
ClpXP is an ATP-dependent bacterial protease that
consists of ClpX6, a homohexameric AAA+ ATPase, and
ClpP14, an associated peptidase (Ortega et al., 2000).
The crystal structure of ClpP reveals a barrel-shaped
enzyme with a central degradation chamber and entry
portals too small to admit folded protein substrates
(Wang et al., 1997). ClpX plays several essential roles*Correspondence: bobsauer@mit.eduin degradation (for review, see Sauer et al., 2004). It
recognizes protein substrates by binding to peptide
tags, unfolds these proteins, and translocates the de-
natured polypeptide through a central pore and into
ClpP for degradation. The ssrA tag is one of the best-
studied targeting peptides for ClpXP and mediates the
initial binding of proteins containing this sequence to
the central pore of ClpX in an ATP-dependent fashion
(Gottesman et al., 1998; Flynn et al., 2001; Wah et al.,
2002; Bolon et al., 2004a; Siddiqui et al., 2004; Piszczek
et al., 2005). How ATP binding to ClpX is linked to con-
formational changes and/or to interactions with the
ssrA tag is poorly understood.
Structural information is available for ClpX (Kim and
Kim, 2003) and for HslU, a highly related ATPase
(Bochtler et al., 2000; Sousa et al., 2000; Wang et al.,
2001a). Like other AAA+ enzymes, each of the six po-
tential nucleotide binding sites in ClpX and HslU is situ-
ated at an interface between two subunits, potentially
allowing ATP binding and/or hydrolysis to control en-
zyme conformation and activity (Wang et al., 2001b). In
most structures of these ATPases, each subunit has an
identical conformation and interacts with bound nucle-
otide. However, in a few structures, only some subunits
bind nucleotide, and individual subunits can assume
distinct conformations. At present, it is not known
which of these structures are functional and/or interact
with macromolecular substrates. The studies presented
in this paper address this issue and additional ques-
tions by probing how nucleotide binding to ClpX medi-
ates function. Does each subunit of a hexamer bind
ATP? Does binding of ATP to one subunit affect the
affinity of other subunits for nucleotide? How is nucleo-
tide binding linked to interactions with protein sub-
strates?
Here, we present evidence for distinct classes of nu-
cleotide binding sites in ClpX6 and for communication
between these sites. Binding of ATP to one class of
sites drives conformational changes in the central pore,
and occupancy of subsequent sites by either ATP or
ADP activates binding to the ssrA tag of protein sub-
strates. Our results are inconsistent with concerted
models in which six ATPs are hydrolyzed by ClpX6 but
support important roles for partially liganded species,
as proposed for some AAA+ translocases and related
helicases (Marrione and Cox, 1995; Singleton et al.,
2000). Thus, AAA+ protein unfoldases like ClpX and
HslU may operate by mechanisms similar to those used
to remodel nucleic acids. Some subunits of ClpX6 do
not bind ATP and therefore function as regulatory or
structural subunits, emphasizing similarities with het-
eromeric AAA+ enzymes, in which only some subunits
serve catalytic roles (Jeruzalmi et al., 2001; Schwacha
and Bell, 2001).
Results
An ATP-Hydrolysis-Defective ClpX Variant
Characterization of the ATP bound state of ClpX has
been difficult because the enzyme hydrolyzes ATP rap-
Cell
1018idly and constantly cycles through different nucleotide t
rstates. ClpX also hydrolyzes ATPγS, although more
slowly than ATP (Burton et al., 2003). To obtain a mutant l
clikely to prevent ATP hydrolysis, we constructed the
Glu185/Gln substitution in the Walker-B motif of 2
tE. coli ClpX (Figure 1A). This motif forms part of the
nucleotide binding site in all P loop ATPases, and the n
AGlu side chain is thought to activate a water for attack
on the γ-phosphate of bound ATP (Smith et al., 2002; t
Orelle et al., 2003).
The E185Q mutant behaved like wild-type ClpX dur- a
sing purification and formed hexamers as assayed by
gel filtration (data not shown). UV spectra of the E185Q E
tprotein purified under native or denaturing conditions
were very similar, ruling out contamination at levels v
agreater than 0.3 nucleotides per hexamer (data not
shown). As expected from the mutant design, the s
E185Q protein displayed little ATP-hydrolysis activity
(within error of the buffer control) and was inactive in S
Bdegradation of native or denatured substrates in the
presence of ClpP (Figure 1B; data not shown). However, n
ithe mutant enzyme retained the ability to bind nucleo-Figure 1. A ClpX Variant-Defective in ATP Hydrolysis
(A) Top shows an axial view of a ClpX hexamer (Kim and Kim, 2003). Bottom shows Glu185 in the Walker-B motif is close to the γ-phosphate
of ATP.
(B) Relative to wild-type ClpX, the E185Q ClpX mutant hydrolyzes ATP within error of buffer and does not support degradation of GFP-ssrA.
Assays contained mutant or wild-type ClpX6 (300 nM) and 2.5 mM ATP; degradation assays also contained ClpP14 (900 nM) and GFP-ssrA
(2 M). The wild-type ATPase and degradation rates were 102 min−1 ClpX6−1 and 0.7 min−1 ClpX6−1, respectively.
(C) ClpX and E185Q ClpX bind mant-ADP equally well. The fitted curve represents binding of a ClpX hexamer to this nucleotide with a KD of
1.3 M.
(D) His6-E185Q-ClpX binds ClpP in the presence of ATPγS (lane 1) or ATP (lane 2). With ADP, the same low level of ClpP was recovered in the
bound fraction when His6-E185Q-ClpX was present (lane 3) or absent (lane 4).ide. When either the mutant or wild-type ClpX was tit-
ated against mant-ADP, a fluorescent nucleotide ana-
og, half-maximal binding was observed at a hexamer
oncentration of 1.3 ± 0.3 M (Figure 1C; Burton et al.,
003). In pull-down assays, E185Q ClpX bound ClpP in
he presence of Mg2+/ATP or Mg2+/ATPγS but showed
o binding over control levels in the presence of Mg2+/
DP (Figure 1D). Wild-type ClpX behaves similarly in
his ClpP binding assay (Joshi et al., 2004).
Experiments presented below show that E185Q ClpX
lso binds to the ssrA tag of peptide and protein sub-
trates in an Mg2+/ATP-dependent fashion. Hence,
185Q ClpX maintains the functional properties of wild-
ype ClpX that do not require ATP hydrolysis and pro-
ides an opportunity to study how ATP binds to ClpX
nd how this binding controls conformational and sub-
trate binding properties.
trength and Stoichiometry of ATP Binding
inding of 32P-ATP to E185Q ClpX was assayed using
itrocellulose-filter retention. Based on a titration of
ncreasing E185Q ClpX against a constant amount of6
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1019Mg2+/ATP, the equilibrium constant for dissociation of
E185Q ClpX6•ATP to free hexamer and ATP was 0.5 ±
0.2 M (Figure 2A). In this assay, only one molecule ofFigure 2. ATP Binding
(A) Increasing E185Q ClpX6 was titrated against 200 nM [32P]-γ-ATP, and radioactivity retained on a nitrocellulose filter was assayed. The line
is a fit with a KD of 0.5 ± 0.2 M and maximum retention of 35% of the total counts.
(B) Increasing [32P]-γ-ATP was titrated against 0.4 M E185Q ClpX6. The solid line represents half-maximal binding at a total ATP concentration
of 1.4 ± 0.2 M, with a Hill constant of 1.5 ± 0.2, and maximal retention of 1.2 ATP molecules per hexamer. INSET—same data plotted in
Scatchard form to emphasize positive cooperativity.
(C) Equilibrium binding assayed by isothermal titration calorimetry. Aliquots of ATP were injected into a solution containing 3.6 M E185Q
ClpX6.
(D) Integrated heats of binding from (C) fit well to a reaction model in which the E185Q hexamer binds 3.4 ± 0.5 ATP molecules with an affinity
of 0.6 ± 0.3 M.
(E) Increasing E185Q ClpX6 was titrated against 1 M of the SspB2-ssrA adaptor-substrate complex. The solid line is the curve expected if
92% ± 5% of the E185Q hexamers are active in binding SspB2-ssrA.
(F) Positive cooperativity in ATP hydrolysis by wild-type ClpX. Half-maximal velocity required an ATP concentration of 170 ± 20 M and the
Hill constant was 1.6 ± 0.3.ATP binds to a hexamer. To study whether additional
nucleotides bind more strongly, increasing ATP was tit-
rated against a fixed concentration of E185Q ClpX6
Cell
1020(Figure 2B). ATP binding showed modest positive co- c
operativity (Hill constant 1.5 ± 0.2), which was also evi- s
dent from the downward curvature of the Scatchard t
plot shown in the Figure 2B inset. This result indicates u
that initial binding of ATP facilitates binding of subse-
quent ATPs. Consistent with this model, half-maximal C
binding was observed at a lower ATP concentration T
than would have been expected if ATP interacted iden- w
tically and independently with each subunit in the s
E185Q ClpX hexamer. The affinity of E185Q ClpX for t
ATP was similar to that estimated for ATPγS binding to t
wild-type ClpX (Burton et al., 2003). c
Isothermal titration calorimetry (ITC) was used to de- (
termine ATP binding stoichiometry (Figure 2C). Fitting t
of these data (Figure 2D) gave 3.4 ± 0.5 ATPs bound E
per hexamer and an apparent affinity (0.6 ± 0.3 M) w
similar to that observed using filter binding. The ITC a
stoichiometry is higher than the value of 1.2 ATPs per 2
ClpX hexamer observed by filter binding (Figure 2B). m
However, filter assays can underestimate stoichiometry
because some ligand dissociates too rapidly to be cap- M
tured, some ligand dissociates during filtration, and/or I
some proteins may denature upon binding to nitrocellu- t
lose. Indeed, only 35% ± 5% of the radioactive ATP w
was retained on the filter when saturating protein was m
present (Figure 2A), even though thin-layer chromatog- s
raphy confirmed that all radioactivity was present as t
ATP (data not shown). We assume that 35% represents m
the efficiency of filter retention (i.e., 65% of ATP bound F
to E185Q ClpX is not captured). Correcting the filter w
binding stoichiometry by dividing by 0.35 gives a value e
between 3 and 4 ATPs per hexamer, consistent with the b
ITC results. We also chromatographed E185Q ClpX on t
a monoQ ion-exchange column in buffers containing c
excess ATP (100 or 300 M) and calculated the number 3
of bound ATPs from the UV difference spectra of frac- t
tions with and without ClpX. Both experiments gave a c
value of 3.3 ± 0.5 ATPs per ClpX hexamer (data not
b
shown). Thus, three different experiments indicate that
a
a ClpX hexamer binds three or four molecules of ATP.
f
Additional chromatography studies using ADP/ATP
n
mixtures gave the same three or four nucleotides per
(
hexamer, suggesting that ADP cannot fill the remaining
tATP-free sites (data not shown).
cA stoichiometry of three or four ATPs per ClpX hex-
samer could potentially arise if approximately 60% of
phexamers bound six ATPs, whereas the rest were dam-
Naged and bound no ATP. To determine the fraction of
tE185Q ClpX hexamers that bind ATP, we assayed bind-
aing to an adaptor-substrate molecule (SspB2-ssrA) that
rinteracts strongly only with ATP bound ClpX (Bolon et
ial., 2004a; Bolon et al., 2004b). This molecule is a het-
serodimeric variant of the SspB adaptor with an ssrA
peptide crosslinked to the peptide binding groove of
Lone subunit and a fluorescein attached to the tail of the
aother subunit. SspB2-ssrA was used at a concentration
P20-fold above the KD to ensure that each E185Q hex-
tamer capable of binding would be detected. A fit of the
aresulting binding data (Figure 2E) indicated that 92% ±
b5% of the E185Q ClpX was active. This result is incon-
osistent with a model in which 60% of E185Q hexamers
tbind six ATPs. We conclude that a hexamer of E185Q
uClpX binds three or four molecules of ATP under satu-
erating conditions with affinities that lead to half-maxi-mal binding near 0.6 M ATP. Because ClpX hexamersontain six potential nucleotide binding sites, our re-
ults indicate that certain subunits adopt conforma-
ions that bind nucleotide strongly, whereas other sub-
nits adopt a nonbinding conformation.
ooperative Interactions in Wild-Type ClpX
o test for positive cooperativity in ATP interactions
ith wild-type ClpX, we assayed initial rates of hydroly-
is as a function of ATP concentration (Figure 2F). Fit-
ing these data gave a Hill constant of 1.6 ± 0.3, indica-
ive of positive cooperativity. As expected, the ATP
oncentration required for half-maximal hydrolysis
170 ± 10 M) was significantly higher than the concen-
ration required for half-maximal binding of ATP to
185Q ClpX (z1 M) because most ATP that binds
ild-type ClpX exits via hydrolysis and ADP dissoci-
tion rather than by ATP dissociation (Burton et al.,
003). As a consequence, KM for ATP hydrolysis is
uch larger than KD for ATP binding.
ultiple Classes of ATP Sites
n the experiments discussed above, it was established
hat only a subset of ClpX subunits bind ATP. To ask
hether these ATP binding sites were equivalent, we
easured the kinetics of nucleotide dissociation, rea-
oning that a single exponential phase would support
he presence of identical ATP binding sites, whereas
ultiple phases would favor distinct classes of sites.
or these experiments, E185Q ClpX was first mixed
ith enough 32P-ATP to ensure 90%–95% saturation,
xcess unlabeled nucleotide was added to block re-
inding, and dissociation kinetics were measured using
he filter binding assay. With unlabeled ATP or ADP as
ompetitor, 32P-ATP dissociation was biphasic (Figure
, top and middle panels). A fast phase occurred over
he first 15 s, and a slow phase occurred over the
ourse of minutes. As a second, independent assay we
ound the fluorescent analog mant-ATP to E185Q ClpX
nd assayed dissociation by changes in fluorescence
ollowing addition of unmodified ATP. Fast and slow ki-
etic phases were also observed in this experiment
Figure 3, bottom panel). Because of uncertainties in
he efficiency of filter retention and the fluorescence
hange upon mant-ATP dissociation from each type of
ite, we cannot use the amplitudes of the two kinetic
hases to estimate the numbers of each type of site.
evertheless, these kinetic results suggest the exis-
ence of at least two classes of ATP binding sites in
ddition to the third class of nonbinding sites. We will
efer to ATP binding sites that release nucleotide rap-
dly as “fast sites” and those that release nucleotide
lowly as “slow sites.”
inkage between ClpX Binding to the ssrA Tag
nd to Mg2+/ATP
revious studies indicate that nucleotide binding con-
rols ClpX binding to the ssrA tag of substrates (Wah et
l., 2002; Bolon et al., 2004a). To explore this linkage,
inding of a fluorescein-labeled ssrA peptide to E185Q
r wild-type ClpX was assayed by fluorescence aniso-
ropy using nucleotide concentrations sufficient to sat-
rate ClpX whether Mg2+ was present or absent (Burton
t al., 2003). E185Q ClpX bound the ssrA peptideequally well with Mg2+/ATP or Mg2+/ATPγS but did not
Asymmetric Interactions of ATP with ClpX
1021Figure 3. Dissociation Kinetics Reveals Two Classes of Sites
(A) [32P]-γ-ATP (5 M) was mixed with E185Q ClpX6 (0.4 M), unla-
beled ATP (1.5 mM) was added at time zero, and bound radioactiv-
ity was assayed by filter binding. The curve is a double-exponential
fit (kfast = 8 ± 4 min−1; kslow = 0.18 ± 0.02 min−1. The fast phase was
56% of the total amplitude).
(B) Same experiment as top panel except 1.5 mM unlabeled ADP
was used as the competitor (kfast = 5 ± 1 min−1; kslow = 0.39 ± 0.01
min−1). The fast phase was 55% of the total amplitude.
(C) Mant-ATP (12 M) was mixed with E185Q ClpX6 (1.6 M), un-
modified ATP (3.3 mM) was added at time zero, and mant-ATP
dissociation was assayed by changes in fluorescence (kfast > 8
min−1, amplitude = 65% of total change; kslow = 1.0 ± 0.1 min−1).show significant binding without Mg2+, without nucleo-
side triphosphate, or with Mg2+/ADP (Figure 4A). Wild-
type ClpX showed the same pattern, but ssrA-peptide
binding was weaker with Mg2+/ATP than with Mg2+/
ATPγS, presumably because rapid ATP-dependent trans-
location of peptide through ClpX causes faster release
(Kenniston et al., 2004). The important result, however,
is that ClpX binding to the ssrA tag is thermodynami-
cally linked to both ATP and Mg2+ binding.
A ClpX hexamer binds only one ssrA-tagged sub-
strate (Piszczek et al., 2005). To ask how many subunits
of the hexamer need to bind ATP to allow stable binding
to the ssrA tag, we assayed the ATP dependence ofE185Q ClpX binding to the ssrA peptide or the cross-
linked SspB2-ssrA molecule (Figure 4B). If hexamers
bound these peptide or protein substrates equally well
irrespective of the number of bound ATPs, then binding
isotherms should largely reflect ATP occupancy and
have a Hill constant of approximately 1.5 (see Figure
2B). Instead, Hill constants calculated from the Figure
4B binding curves were >2.5. Because Hill constants
reflect the minimum number of subunits involved in a
process (Segel, 1976), these results suggest that three
or more ATP bound subunits of E185Q ClpX must coop-
erate to bind ssrA-tagged molecules tightly. Apparently,
both the nucleotide binding sites that release ATP rap-
idly and the sites that release ATP slowly must be occu-
pied to promote ssrA-tag binding. Cooperativity was
also observed in the ATPγS dependence of wild-type
ClpX binding to SspB2-ssrA (data not shown).
ATP Binding and Structural Changes
in the ClpX Pore
The central pore of the ClpX hexamer has been impli-
cated in binding the ssrA tag by studies showing that
the V154F pore mutation dramatically weakens re-
cognition of ssrA-tagged substrates (Siddiqui et al.,
2004). Reasoning that a V154W mutation might act as
a fluorescent reporter of pore conformation, we con-
structed and purified ClpX E185Q/V154W and recorded
spectra with different nucleotides (Figure 4C). Trypto-
phan fluorescence increased by about 25% and was
red-shifted in response to Mg2+/ATP binding but was
unaffected by Mg2+/ADP. Because Trp154 is the only
tryptophan in the protein, these data suggest that ATP
binding leads to structural changes in the central pore.
In principle, changes in tryptophan fluorescence could
also reflect assembly of subunits into hexamers. How-
ever, our results are inconsistent with the formation of
hexamers because binding of either ADP or ATP stabi-
lizes hexamers. Moreover, the red shift indicates that
ATP binding increases the accessibility of pore resi-
dues, as expected for a pore-opening model but not for
hexamer assembly.
When tryptophan fluorescence was used to assay
ATP binding to the E185Q/V154W mutant, the binding
curve had a Hill coefficient of 1.4 ± 0.1 with a midpoint
at a free ATP concentration of 3–4 M (Figure 4D). The
latter value is about 5-fold higher than expected based
on the properties of the E185Q mutant, suggesting that
the V154W mutation weakens interaction of ClpX with
ATP. This result is not surprising if binding of ATP is
allosterically linked to the structure of the central pore.
The V154W mutation, like V154F, effectively abolished
binding of ClpX to the ssrA peptide (data not shown),
precluding studies of peptide binding on the fluores-
cence of the E185Q/V154W mutant. Nevertheless, the
ATP dependence of pore fluorescence provides direct
evidence for allosteric communication between the nu-
cleotide binding sites and central pore of ClpX.
ADP Substitutes for ATP in Fast Nucleotide
Binding Sites
The existence of two classes of ATP binding sites in
ClpX raises the possibility that ATP could be preferen-
tially hydrolyzed in a subset of these sites, giving rise
to ClpX molecules in which some subunits have ATP
Cell
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(A) Binding of fluorescein-ssrA peptide (200 nM) to wild-type or E185Q ClpX6 (5 M) was assayed by fluorescence anisotropy without
nucleotide or Mg2+, with 6 mM Mg2+/ADP, 6 mM Mg2+/ATP, 6 mM Mg2+/ATPγS, or 6 mM ATPγS without Mg2+ (depleted by EDTA). Error bars
represent one standard deviation.
(B) ATP dependence of the binding of fluorescein-labeled ssrA peptide (200 nM) or SspB2-ssrA (50 nM) to E185Q ClpX6 (10 M for the ssrA
peptide; 200 nM for SspB2-ssrA). The Hill constants (2.6–2.8) indicate strong positive cooperativity.
(C) Fluorescence emission spectrum of Y154W/E185Q ClpX6 (1 M) with no nucleotide, 0.5 mM Mg2+/ATP, or 0.5 mM Mg2+/ADP.
(D) Assay of ATP binding to V154W/E185Q ClpX6 (0.8 M). The fitted curve shows half-maximal binding at an ATP concentration of 3.4 ± 0.3
M with a Hill constant of 1.4 ± 0.1.bound and others have ADP bound. To probe the prop- i
certies of hexamers with a mixture of bound nucleotides,
we incubated ClpX6 E185Q with enough ATP to pro-
mmote partial binding of the ssrA peptide and then
added excess ADP (Figure 5A). Addition of ADP initially C
aincreased peptide binding, which then decreased
slowly to a low equilibrium level. The increase in bind- E
ting indicates that the added ADP must support peptide
binding, probably by binding to unoccupied fast sites. (
aWe assume that the subsequent slow loss of peptide
binding activity results from dissociation of ATP from c
athe slow class of binding sites, filling of these sites by
ADP, and relaxation to the inactive conformation ob- t
served with ADP alone. Consistent with this model,
adding excess ATP at the end of this experiment re- a
Tstored full peptide binding (Figure 5A). As expected for
a reaction under “kinetic” control, the order of nucleo- m
ftide addition was important. When excess ADP was
added first and ATP was added second, no significant a
mbinding of the ssrA peptide to the enzyme was ob-
served (Figure 5B). These results taken with those pre- h
msented above suggest that binding of one or two ATP
molecules places ClpX in a “pore-open” conformation on which filling of additional sites by either ADP or ATP
an support a “tag binding” conformation.
Further studies of mixed-nucleotide hexamers were
ade possible by the finding that complexes of E185Q
lpX•SspB2-ssrA and ATP are highly dynamic. For ex-
mple, dissociation of fluorescent SspB2-ssrA from
185Q-ClpX•ATP3-4 occurred with a half-life of 10 s af-
er unlabeled SspB2-ssrA was added as a competitor
Figure 5C). This result shows that SspB2-ssrA dissoci-
tes and rebinds ClpX•ATP3-4 rapidly under equilibrium
onditions and permits SspB2-ssrA binding to be used
s a probe of the slower nucleotide-exchange transi-
ions discussed below.
In the presence of sufficient ADP, mixtures of ClpX
nd ATP eventually lose the ability to bind SspB2-ssrA.
o investigate whether the kinetics of this transition
irror replacement of ATP by ADP in slow sites, we
ormed E185Q ClpX•SspB2-ssrA complexes with ATP
nd then added excess ADP (Figure 5D). In this experi-
ent, ClpX lost the ability to bind SspB2-ssrA with a
alf-life of approximately 5 min. These kinetics were
uch slower than ATP dissociation from fast sites and
n the same timescale as ATP dissociation from slow
Asymmetric Interactions of ATP with ClpX
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(A) Binding of fluorescein-ssrA peptide (200 nM) to E185Q ClpX (8.5 M) after addition of 15 M ATP, after addition of 45 M ADP, and after
final addition of 65 M ATP.
(B) ATP (8 M) and then ADP (167 M) or vice versa were added to E185Q ClpX (4 M) and fluorescein-ssrA peptide (200 nM) and fluorescence
anisotropy was recorded after each nucleotide addition. Error bars represent one standard deviation.
(C) Fluorescein-SspB2-ssrA (125 nM), E185Q ClpX (0.4 M), and ATP (5 M) were mixed and dissociation of ClpX•SspB2-ssrA complex was
assayed after addition of excess unmodified SspB2-ssrA (5 M). The curve is a single-exponential fit (k = 4.1 min−1).
(D) Fluorescein-SspB2-ssrA (125 nM) was mixed with E185Q ClpX (0.4 M) and ATP (5 M). At time zero, ADP (1.5 mM) was added and
dissociation of the ClpX•SspB2-ssrA complex was assayed. The curve is a single-exponential fit (k = 0.16 ± 0.03 min−1).sites (see Figure 3). Control experiments showed that
SspB2-ssrA binding did not cause substantial changes
in the rate at which mant-ATP dissociated from fast or
slow sites (data not shown). Thus, these results support
the model that ClpX hexamers with ADP in fast sites
and ATP in slow sites retain the ability to bind ssrA-
tagged substrates. In an ATPase cycle, this property
could be important in allowing hydrolysis of ATP to ADP
in fast sites without causing the enzyme to lose its
“grip” on an ssrA-tagged substrate (see below).
Discussion
AAA+ and related ATP-dependent enzymes unfold, dis-
mantle, and remodel macromolecules and their com-
plexes. How these machines couple the chemical en-
ergy stored in ATP to mechanical work is an important
unsolved problem. Many AAA+ enzymes are rings of
identical subunits (usually hexamers), whereas others
assemble and function using nonidentical subunits. It
is not clear if different ATP-dependent machines use a
common underlying mechanism or whether individual
family members have evolved distinct mechanisms to
bind and remodel specific macromolecular substrates.Distinct ATP Binding Sites in ClpX
Using the E185Q mutant of E. coli ClpX, which is de-
fective in ATP hydrolysis, we have studied how nucleo-
tides bind and affect the conformation and macromo-
lecular interactions of this protein. The E185Q protein
is similar to wild-type ClpX in its purification properties,
ability to form hexamers, and its binding affinity for ADP
and ATP/ATPγS. Both the mutant and wild-type pro-
teins display cooperativity in ATP interactions, show
ATP-dependent binding to the ClpP peptidase, and
bind to ssrA-tagged proteins in an Mg2+/ATP-depen-
dent fashion. Thus, we believe that the nucleotide bind-
ing properties of the mutant are the same or very similar
to those of wild-type ClpX. Our results show that sub-
sets of the six potential nucleotide binding sites in the
E185Q hexamer have distinct ATP binding properties.
Because only three or four ATP molecules bind to the
hexamer under saturating conditions, one set of sites
appears unable to bind ATP with detectable affinity
when the remaining sites are filled. Moreover, the sites
to which ATP binds also have different properties. For
example, ATP dissociates rapidly from some sites and
slowly from other sites. Thus, at a minimum, any model
for ClpX activity needs to consider discrete subunit
Cell
1024conformations that bind ATP tightly, less tightly, and not p
oat all.
Because the distinct properties of different classes A
Vof ATP binding sites must arise from conformational dif-
ferences in individual subunits, it follows that ClpX hex- s
tamers saturated with Mg2+/ATP cannot be 6-fold sym-
metric. Indeed, as discussed below, some crystal h
bstructures of the ClpX homolog, HslU, contain only
three or four bound nucleotides and show distinct sub- t
wunit conformations (Bochtler et al., 2000). Nevertheless,
other HslU structures as well as structures of ClpX and t
related Clp/Hsp100 ATPases often show ATP symmetri-
cally bound to each subunit (Bochtler et al., 2000; S
Sousa et al., 2000; Putnam et al., 2001; Guo et al., 2002;
A
Kim and Kim, 2003; Lee et al., 2003). How can these
t
findings be reconciled? Some of these structures con-
i
tain no Mg2+, which is required for protein-substrate
s
binding by HslU (Burton et al., 2005) and by ClpX. In
t
other structures, the protein crystallizes as a helical ar-
p
ray rather than as a hexameric ring. These Mg2+-free
a
and/or helical structures clearly represent real confor-
s
mational states, but we suspect that they are not part
t
of the functional ATPase cycle.
s
a
Cooperativity
ATP binding to ClpX is positively cooperative. Our re- c
dsults can be best explained by a model where ATP
binding stabilizes sequential structural changes that f
mcreate higher-affinity ATP binding sites and the ability
to bind to ssrA-tagged substrates. We assume that nu- z
Acleotide-free ClpX is a 6-fold symmetric structure and
that the first ATP could bind to any of the six subunits. s
mConformational changes caused by this and succes-
sive ATP binding events would then result in the struc- s
ttural asymmetry that leads to the distinct properties of
different nucleotide binding sites. (
ABinding of one or a few Mg2+/ATPs appears to propa-
gate structural changes to the ClpX pore and creates a
ahigher-affinity ATP sites but does not support binding
to the ssrA tag of substrates (Figure 6A). ATP-depen- u
Cdent formation of this pore-open hexamer from an un-
bound hexamer in a positively cooperative reaction ex- aFigure 6. Models for ClpX Binding to ATP
and the ssrA Tag of Substrates
(A) Sequential model in which binding of 1–2
ATPs propagates structural changes to the
central pore of ClpX, and binding of 1–2 ad-
ditional ATPs stabilize the conformation that
binds the ssrA tag.
(B–D) Cartoons depicting potential arrange-
ments of subunits in ClpX hexamers satu-
rated with ATP. In each cartoon, yellow sub-
units do not bind ATP, ATP binding to red
subunits is required before ATP binding to
blue subunits, red subunits release ATP
more slowly than blue subunits, blue sub-
units contact the ssrA tag of substrates, and
binding of either ADP or ATP to blue sub-
units supports ssrA-tag binding. ATP binds
more strongly to the blue than to the red
subunits, even though the blue sites release
ATP faster.lains the Hill constants between 1 and 2 that we
bserve for ATP binding, for ATP hydrolysis, and for the
TP-dependent fluorescence changes in the E185Q/
154W mutant. Filling additional nucleotide binding
ites stabilizes a subsequent structural transition from
he pore-open to the tag binding conformation of the
examer (Figure 6A). The requirement for three or four
ound ATPs to achieve significant populations of this
ag binding hexamer explains Hill constants >2.5 that
e observe for ATP-dependent binding of E185Q ClpX
o ssrA-tagged molecules.
srA-tag Binding and Linkage to the ATPase Cycle
critical step for all AAA+ machines is recognition of
he proper macromolecular substrates. For ClpX, bind-
ng to the ssrA tag of substrates represents the initial
tep in the eventual unfolding and translocation of
hese protein molecules. ClpX binds the ssrA tag in the
resence of Mg2+/ATP but not Mg2+/ADP. As noted
bove, occupancy of three or more nucleotide binding
ites also appears to be a prerequisite for this interac-
ion. Interestingly, however, when ATP is bound in the
low class of sites, then ADP in the remaining sites can
lso support ssrA-tag binding.
ClpX hexamers with a mixture of bound ATP and ADP
ould arise during the ATPase cycle by selective hy-
rolysis of a subset of ATPs, for example those in the
ast sites. Subsequent exchange of ATP for these ADP
olecules could then restore the ATP-saturated en-
yme without ever passing through an “all” ADP state.
n attractive feature of this model is maintenance of
trong contacts with the ssrA tag of a substrate over
any cycles of ATP hydrolysis. In fact, recent results
uggest that native ssrA-tagged substrates stay bound
o ClpX while an average of 15–20 ATPs are hydrolyzed
Kenniston et al., 2005). Many structures of hexameric
AA+ ATPases contain six ADP molecules (Bochtler et
l., 2000; Sousa et al., 2000; Wang et al., 2001a; Gai et
l., 2004), but our results suggest that ClpX6•ADP6 is
nlikely to be part of the normal catalytic cycle because
lpX hexamers with six bound Mg2+/ATPs never form,
nd there is no evidence for hexamers with ATP bound
Asymmetric Interactions of ATP with ClpX
1025to some sites and ADP bound to all of the remaining
sites.
Models for ATP Binding to ClpX
Cartoons depicting some possible arrangements of nu-
cleotide bound subunits in an ATP-saturated ClpX hex-
amer are shown in Figures 6B–6D. In each case, there
are ATP bound subunits (red or blue) and empty sub-
units (yellow). To account for multiple classes of ATP
binding sites, the red subunits release ATP slowly and
the blue subunits release ATP rapidly. Positive coopera-
tivity requires that ATP binding to the lower-affinity red
subunits creates or allows access to the sites of higher-
affinity binding in the blue subunits. To explain the need
to fill three or four sites before ssrA tag binding, we
suggest that contacts between two blue subunits and
the ssrA tag (green) are required for strong ssrA-tag
binding. To explain the ability of ADP in some sites to
support ssrA-tag binding, we propose that either bound
ADP or ATP allows blue subunits to interact with the
ssrA tag. It may seem odd that the high-affinity blue
subunits in our models release ATP faster than the low-
affinity red subunits. However, this feature is easily ex-
plained if ATP binds much more rapidly to the high-
affinity blue subunits than to the red subunits, as the
ratio of the association and dissociation rates deter-
mines affinity.
There are structural precedents for some aspects of
the Figure 6 models. For example, the alternating ar-
rangement of ATP bound subunits (Figure 6B) shares
similarities with the 1do2 crystal structure of HslU6, in
which empty and nucleotide bound subunits alternate
(Bochtler et al., 2000). The trimer-of-dimers 1do2 HslU6
arrangement is symmetric, however, whereas the Fig-
ure 6B model lacks cyclic symmetry. A different HslU6
structure (1do0) is a dimer-of-trimers, in which two sub-
units of each trimer bind nucleotide (one with Mg2+) and
one subunit is nucleotide free (Bochtler et al., 2000).
This crystal structure is most similar to the ClpX model
shown in Figure 6D. Whether the nucleotides bound in
these HslU structures are nucleoside triphosphates or
diphosphates is controversial (Wang et al., 2001b). Nev-
ertheless, HslU can clearly adopt conformations in
which nucleotides bind to only a subset of the six sub-
units.
Similarities with Other AAA+ Enzymes
It is important to note that mechanism has not been
rigorously established for any AAA+ ATPase or related
enzyme and that major differences exist in many of the
models proposed for these machines. For example, re-
cent structural studies of the AAA+ SV40 LTag helicase
have been interpreted as favoring a concerted hydroly-
sis model that involves a hexamer with ATP bound to
each subunit (Gai et al., 2004). By contrast, for several
other hexameric AAA+ machines (Rho helicase, RuvB
translocase, and p97) and related enzymes (T7 gene 4
helicase), ATP binds only to a subset of potential nucle-
otide binding sites or binds to sites that display distinct
functional properties, leading to models similar to those
shown in Figure 6 (Stitt, 1988; Marrione and Cox, 1995;
Patel and Hingorani, 1995; Marrione and Cox, 1996;
Singleton et al., 2000; Putnam et al., 2001; Stitt, 2001;Jeong et al., 2002; Zalk and Shoshan-Barmatz, 2003;
Hishida et al., 2004). For instance, the structure of T7
helicase reveals a hexamer with four Mg2+/AMPPNPs
bound and has been used to support a dimer-of-trimers
model (like the Figure 6D cartoon) with adjacent ATP,
ADP, and empty sites (Singleton et al., 2000). Hence,
the existence of distinct types of ATP binding subunits
in homohexamers seems to be a property shared by
many different types of ATP-dependent machines.
This theme of subunit specialization is also reflected
in heteromeric AAA+ enzymes, including the replicative
sliding-clamp loader, the Mcm2-7 helicase, and dynein.
Individual subunits or modules in these machines have
evolved to play specialized roles and only a subset are
catalytically active (Jeruzalmi et al., 2001; Schwacha
and Bell, 2001; Kon et al., 2004). In the F1 ATPase,
which is more distantly related, subunits also have ded-
icated functions (Boyer, 1997). Catalytically active α
subunits and inactive β subunits alternate in the F1 hex-
amer; moreover, each of the three α subunits can as-
sume distinct properties with respect to ATP binding
and hydrolysis.
For ClpX, it will be important to determine how the
different classes of nucleotide binding sites are actually
arranged in a hexamer, how individual subunits com-
municate with each other, what function is served by
each subset of subunits, whether ATP hydrolysis is
coordinated among different sites, and how the occu-
pancy, structure, and functional roles of individual sub-
units change during a complete enzymatic and me-
chanical cycle. Our findings that subunits of ClpX can
adopt at least three conformations with distinct ATP
binding properties, that occupancy of two classes of
sites is linked to binding to the ssrA tag, and that sub-
units communicate in both positive and negative allo-
steric fashions both constrain detailed models of
mechanism and set the stage for future studies. Finally,
parallels between our results for the ClpX protein unfol-
dase and results obtained for hexameric helicases and
translocases suggest that these enzymes may use a
common mechanism to perform mechanical work on
dramatically different macromolecular substrates.
Experimental Procedures
Solutions
PD buffer contains 25 mM HEPES-KOH (pH 7.6), 5 mM KCl, 5 mM
MgCl2, 0.032% NP-40, and 10% glycerol. Buffer A contains 50 mM
Tris (pH 8.0), 100 mM KCl, 1 mM MgCl2, and 10% glycerol. Buffer
B contains 10 mM Tris (pH 7.6), 50 mM KCl.
Proteins and Peptides
ClpX mutants were constructed using overlap extension mutagen-
esis and verified by DNA sequencing. GFP-ssrA, E. coli ClpX and
variants, and E. coli ClpP and His6-ClpP were expressed and puri-
fied by published procedures (Kim et al., 2000). The ssrA peptide
fluorescein-NKKGRHGAANDENYALAA-COOH was synthesized by
the M.I.T. Biopolymers Laboratory and purified on a Shimadzu LC-
10AD-VP HPLC column. SspB2-ssrA was generated in the back-
ground of a designed YGFM/SLA SspB heterodimer, in which one
subunit was disulfide crosslinked to a cysteine-containing ssrA
peptide and the other subunit was labeled with a fluorescent dye
to monitor binding to ClpX (Bolon et al., 2004a). Each SspB subunit
was purified separately as described (Bolon et al., 2004b). The
YGFM subunit also contained the A73Q mutation, which abrogates
binding to ssrA peptide, and the D147C mutation to allow labeling.
Cell
1026This subunit (150 M) was incubated with 3 mM 5-iodoacetami-
Ddofluorescein from Molecular Probes (Eugene, Oregon) in 6 M
GuHCl, 100 mM potassium phosphate (pH 7.0) for 2 hr at 22°C. The j
lreaction was stopped by addition of 100 mM 2-mercaptoethanol.
The SLA subunit contained the Y44C mutation to allow disulfide t
rcrosslinking to an ssrA peptide containing the A2C mutation (Bolon
et al., 2004a). Equal amounts of the fluorescein-labeled YGFM- t
tA73Q/D147C subunit and SLA-Y44C subunit were mixed in 6 M
GuHCl. After gel filtration to remove small molecules and denatur- s
[ant, the A2C ssrA peptide was crosslinked to the heterodimer and
the SspB2-ssrA molecule was purified as described (Bolon et al., r
b2004a).
Protein concentrations were determined by UV absorbance at
a280 nm, using extinction coefficients of 84480 M−1cm−1 (ClpX6 or
ClpX6 E185Q), 118080 M−1cm−1 (ClpX6 V154W/E185Q), and 125160 g
jM−1cm−1 (ClpP14). The concentration of the ssrA peptide was deter-
mined in basic ethanol (pH w10) using an extinction coefficient of i
p92300 M−1cm−1 at 500 nm. Sodium salts of ATP and ADP were
purchased from Sigma (St. Louis, Missouri), dissolved in water, and
the pH was adjusted to 7.0 by addition of NaOH. ATP/ADP concen- A
trations were determined by absorbance at 259 nm using an extinc-
tion coefficient of 15400 M−1cm−1. Both ATP and ADP were free of T
contaminating nucleotide as assayed by thin-layer chromatogra- S
phy. ATPγS was purchased from Roche Diagnostics (Indianapolis, f
Indiana) and dissolved in water. l
Assays
Unless noted, assays were performed at 23°C. ClpXP degradation R
of GFP-ssrA was performed as described (Kim et al., 2000). Fluo- R
rescence was measured using a PTI QM-20000-4SE spectrofluoro- A
meter (Lawrenceville, New Jersey). Binding of mant-ADP to E185Q P
ClpX was assayed in buffer A by changes in fluorescence intensity
(excitation: 360 nm; emission: 440 nm), which was averaged for R
approximately 100 s and corrected for any dilution. Binding of fluo-
rescein-labeled ssrA peptide or SspB2-ssrA to ClpX was assayed B
by changes in anisotropy (excitation: 467 nm; emission: 511 nm) H
using motorized Glan Thompson polarizers. Data were collected d
over 200 s and averaged. The fluorescence emission spectrum
B(310–375 nm; excitation: 295 nm) of E185Q/Y154W ClpX was col-
olected with an emission polarizing filter perpendicular to the plane
Aof excitation to minimize the effects of Raman scattering. ATP-
hydrolysis assays were performed at 30°C using a coupled assay B
(Burton et al., 2001). (
ClpP pull-down assays were performed by a modification of a s
published protocol (Joshi et al., 2004). Reactions (50 l) contained B
1 M His6-ClpX6 E185Q (if present), 1 M ClpP14, 10 mM imidazole, c
1 mM nucleotide, and PD buffer. Components were equilibrated for
B10 min and then mixed with Ni2+-NTA resin (in the same buffer) for
(another 10 min. The mixture was loaded into a Spin-X centrifuge
ctube filter with a 0.45 m nylon filter (Corning, New York) and
Jcentrifuged briefly to near dryness. The resin was washed with 0.5
Bml PD buffer, 10 mM imidazole, and 1 mM nucleotide and bound
dprotein was eluted with 0.5 M imidazole in buffer A and analyzed
sby SDS-PAGE. Gels were stained with Sypro Orange (Molecular
Probes) and visualized using a Syngene GeneGenius Bioimaging B
system (Frederick, Maryland). d
BA85 nitrocellulose filters (25 mm; 0.45 m; Schleicher & Schuell S
GmbH) were soaked in 0.5 M KOH for 20 min and rinsed with water
Funtil the pH was approximately neutral. After this treatment, filters
awere stored in buffer B at 4°C for up to two weeks. A stock solution
tof radiolabeled ATP was prepared by mixing [32P]-γ-ATP (10 mCi/
NmL at 1.67 M) with a 10-fold (v/v) excess of unlabeled 30 M ATP.
GFor equilibrium binding, 20 l samples of appropriate dilutions of
MATP and protein were allowed to equilibrate for five min. Samples
were then diluted into 4 ml of ice-cold buffer A without glycerol h
and passed through a nitrocellulose filter using a FH225V vacuum G
filtration unit (Pharmacia Biotech, San Francisco, California). Filters h
were counted in scintillation vials with 4 ml of scintillation fluid. For c
assays of ATP dissociation kinetics, 0.4 M of E185Q ClpX was
Gw90% saturated with [32P]-γ-ATP (5 M) in a total volume of 100
Cl. 1.5 ml of either unlabeled ADP or ATP was added, and 10 l
msamples were used per each time point. Data from three to four
1independent dissociation experiments were combined to con-
struct plots. GFitting of equilibrium and kinetic data was performed in KALEI-
AGRAPH (Synergy Software, Reading, Pennsylvania). Kinetic tra-
ectories were fit to single- or double-exponential functions. Equi-
ibrium data were fit to equations for 1:1 or cooperative binding. In
he latter case, the function was max/(1 + Kn/[ATP]n), where max
epresents binding at saturation, [ATP] is the total ATP concentra-
ion, K is the ATP concentration at half-maximal binding, and n is
he Hill constant. Rates of ATP hydrolysis were fit to the corre-
ponding function Vmax/(1 + KMn/[ATP]n). In experiments where
ATP]total was significantly greater than [ATP]free, the Hill constant
epresents a lower limit and K must be corrected for the amount of
ound ligand to calculate a true equilibrium constant.
Isothermal titration calorimetry was performed in buffer A using
Microcal VP-ITC calorimeter (Amherst, Massachusetts). After de-
assing, ATP (107 M) was loaded into a 300 l syringe and in-
ected in 7.5 l aliquots at 13 min intervals into a 1.4 ml cell contain-
ng 3.6 M E185Q ClpX. Integration and fitting of ITC data were
erformed with ORIGIN (Microcal) software.
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